The pyruvate formate-lyase (pfl) gene of Escherichia coli is transcribed from seven promoters which are coordinately induced 12-to 15-fold by anaerobiosis. The FNR protein plays a major role in the anaerobic control of this system. A mutation in the fnr gene, however, only reduces anaerobic induction fivefold, indicating that FNR is not the only factor involved in the anaerobic activation process (Sawers and Bock, J. Bacteriol. 171:2485Bacteriol. 171: -2498Bacteriol. 171: , 1989. The residual anaerobic induction could be shown to be imparted by the transcriptional regulator ArcA; an arcA4 fnr double mutant was incapable of inducing pfl transcription anaerobically. A mutant strain unable to synthesize the membrane-associated histidine kinase (ArcB) that has been proposed to activate ArcA showed the same phenotype as an arcA mutant strain, indicating that a functional ArcB protein is also required for wild-type, anaerobic pfl transcriptional activation. Nuclease Si analysis revealed that an arcA4 mutation abolished anaerobic transcription from promoter 7 and reduced expression from promoter 6 but did not affect transcription from promoters 1 to 5. On the other hand, anfiur mutation prevented anaerobic expression from promoters 6 and 7 and reduced transcription from promoters 1 to 5. These data indicate that both ArcA and FNR are essential for anaerobic activation of promoter 7 transcription, which suggests functional interaction between these proteins.
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The transition of the facultative anaerobic bacterium Escherichia coli from aerobic to anaerobic growth conditions is accompanied by dramatic changes in gene expression. Two proteins play a major role in this regulation. One of these is the FNR protein, which activates transcription of many anaerobically regulated genes (23, 24) . FNR is an iron-dependent, DNA-binding protein which recognizes a specific sequence motif found in the promoter regions of the genes it regulates. It is currently assumed that the redox status of the cell is "sensed" by iron which in its reduced form induces a conformational change in FNR that promotes DNA binding (24) . The exact details of how anaerobiosis is sensed are still unclear.
The second protein that regulates anaerobic gene expression is ArcA, which was identified as being necessary for repressing expression of the succinate dehydrogenase gene under anaerobic conditions (13) . The primary structure of ArcA indicates the presence of a helix-turn-helix motif which is believed to be involved in DNA binding. A second class of mutants having the same phenotype as arcA mutants proved to harbor a mutation in a gene termed arcB (11, 15) . The product of the arcB gene is predicted to be membrane associated. Both ArcA and ArcB show similarity to members of the sensor-regulator class of proteins (25) , and it has been proposed that ArcB is a histidine kinase that phosphorylates, and thereby activates, ArcA in response to anoxia (14) . Mutations in arcA or in arcB have been shown to result in derepressed activities of a number of enzymes under anaerobic conditions (13, 14) . This finding has led to the proposal that ArcA is a transcriptional repressor of genes encoding enzymes of aerobic metabolism. Recently, however, it has been shown that ArcA also can function as a transcriptional activator of the cyd4B operon, which codes for cytochrome d oxidase (9) .
One of the key enzymes in anaerobic metabolism is * Corresponding author.
pyruvate formate-lyase (PFL), which catalyzes the conversion of pyruvate to acetyl coenzyme A and formate by a nonoxidative, radical-based mechanism (15, 17, 26) . Synthesis of PFL is increased 10-to 12-fold in anaerobically grown E. coli over that in aerobically grown cells, and this control has been shown to be at the level of transcription (20, 21) . The pfl gene is in an operon with a second gene encoding a protein of unknown function, and expression of the operon is under the control of a complex set of seven promoters that are all coordinately activated in response to anaerobiosis (see Fig. 1 ). Previous studies revealed that the anaerobic induction of pfl transcription was partially accountable to FNR, but significant anaerobic induction of the operon still occurred in an fnr mutant (20, 21) . In this study, we demonstrate that ArcA and ArcB mediate this residual transcriptional activation of the pfl operon.
MATERIALS AND METHODS Bacterial strains, vectors, and growth conditions. The bacterial strains, phages, and plasmids used in this study are listed in Table 1 . The buffered, rich medium (TYEP, pH 6.5) described previously (3) was used as the basis for all growth experiments involving liquid medium. All growth experiments were performed at 37°C. A previously described medium for anaerobic growth (2) was supplemented with glucose (0.4%, wt/vol). Pyruvate was added to 0.8% (wt/vol) when required. Antibiotics were used at the following final concentrations: ampicillin, 100 p,g/ml; chloramphenicol, 20 ,ug/ml; kanamycin, 50 Fg/ml; tetracycline, 15 ,ug/ml. Media and buffers for lambda -work were prepared as described previously (21) . Minimal agar medium was composed of 50 mM Na2HPO4, 100 mM KH2PO4, 1 mM MgCI2, 15 mM (NH4)2SO4, 0.1 mM CaCl2, and 1.5% agar (pH 7.0). Glucose was added to a final concentration of 0.8% (wt/vol) and, when required, sodium acetate was added to 2 mM, amino acids were added to a final concentration of 10 ,ug/ml, and amino acid analogs were added to 20 ,ug/ml. MacConkey (4) . That the complete fnr gene was deleted in this strain was confirmed by Southern blotting using the cloned fnr gene isolated from pCH21 (16) . The arcA and arcB mutations were transduced into MC4100 with selection for tetracycline-resistant colonies. arcA and arcB mutants were scored for the inability to grow on LB plates containing toluidine blue (0.2 mg/ml) (12) . Infection of strains with lambda derivatives was performed as described previously (22).
13-Galactosidase assays. 1-Galactosidase activity was assayed in cultures of exponentially growing cells, and the specific activity was calculated as described by Miller (18) . Reported values are the averages of at least three independent experiments performed in triplicate. Variation in the reported values was not more than ± 10%. RNA analyses. RNA was prepared from exponentially growing cultures, and S1 analysis was performed exactly as described, using 60 p.g of total RNA and the 5' end-labelled BamHI-EcoRI DNA fragment from plasmid p29 (6) (20, 21) . In an attempt to identify other possible gene products involved in the complex regulation of the operon, a series of strains harboring mutations in the genes encoding known transcriptional regulator proteins or genes encoding enzymes known to influence the function of transcriptional regulator proteins were constructed. pfl expression was examined by employing a translational lacZ fusion (XRM123) which included the complete pfl regulatory region (Fig. 1 ).
An fnr mutation reduced anaerobic pfl expression four-to fivefold, consistent with previous findings (20) , and the effect of the mutation could be complemented by introducing the fnr gene on a multicopy plasmid (Table 2 ). arcA and arcB mutations resulted in a minor reduction in anaerobic expression. Construction of a strain harboring mutations in both the arcA and fnr genes abolished anaerobic induction of expression. The involvement of the Arc system in anaerobic pfl operon expression was underscored by the lack of anaerobic induction of expression in an arcB fur double mutant ( Table 2) . The experiments described here were all performed with rich medium; however, the same results were obtained when the cells were grown in minimal medium (data not shown). The effects of the arcAB and fnr mutations appear to be additive; i.e., only when both activators are functional is anaerobic induction complete. Apart from its positive role in sex factor functions (12, 14) , this is only the second example of ArcA functioning as a transcriptional activator of aerobic or anaerobic gene expression in E. coli. The principle function of ArcA appears to be as an anaerobic repressor of genes encoding enzymes functional in aerobic metabolism (14) . The only other published example of ArcA-mediated activation is for the cydAB operon (9) . What is significant is that this operon, like pfl, is also regulated by FNR. The majority of other ArcA or FNR regulated genes studied so far are either repressed anaerobically by ArcA or activated anaerobically by FNR, although three examples are known whose expression is repressed by FNR anaerobically (14, 24) .
Nuclease S1 analysis of the pfl promoter transcripts. The effects of fnr and arcA mutations on pfl promoter transcription were examined directly by S1 mapping (Fig. 2) consistent with the existence of putative FNR recognition sequences directly upstream of these promoters (21) .
In an arcA mutant, transcripts 1 to 5 showed wild-type induction in response to anaerobiosis, but induction of transcript 6 was reduced slightly compared with what is observed with FM420. Transcript 7 could not be detected in the arcA mutant, indicating that a functional ArcA protein is required for anaerobic induction of promoter 7. A strain no longer capable of synthesizing either FNR or ArcA showed a transcription pattern similar to that of the tfr mutant (Fig.   2) .
Transcription from promoter 7 is completely dependent on both ArcA and FNR. While the results presented so far suggest that ArcA and FNR have an additive effect on the complete pfl operon expression, the results shown in Fig. 2 suggest that both ArcA and FNR are required for transcnrption from promoter 7. To test this more rigorously, a construct was examined in which promoter 7 was linked directly to promoters 2 and 1, the intervening sequences being deleted (Fig. 1) . This lacZ expression construct (XRM134) has been shown previously to be 12-to 15-fold inducible by anaerobiosis (20) . Introduction of anjfir mutation reduced anaerobic expression sixfold, and an arcA mutation abolished induction completely (Table 3 ). An arcA4 fnr double mutant also completely lacked the ability to induce expression. A chromosomal lacZ construct including only promoters 2 and 1 had a 3-galactosidase activity of 70 U which was not regulated in response to anaerobiosis (data not shown).
The complete dependence of promoter 7 activity on both functional FNR and ArcA proteins was demonstrated in a primer extension experiment. Anaerobic transcription from promoter 7 initiated at the same site as determined previously for the wild type (21) , while no signal could be detected in total RNA isolated from anaerobically grown arcA or fnr mutant strains (Fig. 3) . The reason why residual twofold anaerobic induction of ,B-galactosidase activity is observed in a fir mutant is unclear, but we cannot rule out the possibility that ArcA has some influence on anaerobic expression in the absence of a functional FNR protein when the region of DNA including promoter 7 is present on this construct. These experiments, however, clearly demonstrate that both FNR and ArcA are essential for transcription from P7; i.e. no transcription occurs from this promoter if either protein is inactivated through the introduction of a mutation in the respective gene. This is the first example of such an effect being reported for a FNR-dependent promoter and suggests that these proteins may interact functionally. A point worthy of note is that the DNA sequence upstream of promoter 7 does not contain a palindromic FNR-binding site but does contain a perfect half site located at -60 bp with respect to the transcription start site (21 to the transcription initiation site (7) . Whether the unusual positioning of this potential FNR recognition sequence is significant with regard to the dual control of the promoter by ArcA and FNR must await an in vitro analysis with purified proteins.
What is the physiological significance of the pfl operon being under the dual control of ArcA and FNR? In the case of the cydAB operon, it has been postulated that dual ArcA-FNR control optimizes expression when the extracellular oxygen tension decreases below a threshold in which the cytochrome o oxidase no longer can be fully functional owing to its high Km for oxygen (1, 8) . Under microaerobic conditions, the recruitment of cytochrome d oxidase, which has a much lower Km for oxygen, would enable the cell to extract as much energy as possible from the remaining oxygen in the environment before cultures become anaerobic. Although we have yet to test pfl expression under defined microaerobic conditions, it would make physiological sense for the cell to switch on pfl expression as soon as oxygen becomes limiting, since this would exactly parallel the posttranslational activation of the small amounts of PFL already present in the aerobic cell. Under microaerobic conditions, the pyruvate dehydrogenase complex is rapidly inactivated by the increasing NADH/NAD+ ratio (10); rapid transcriptional and posttranslational activation of the PFL system would result in an efficient shift to anaerobic metabolism, and under these conditions, FNR is probably the principle activator of pfl transcription.
Perhaps the most intriguing problem with regard to pfi gene expression is how this complex system of promoters and transcriptional regulators interacts at the molecular level. We currently envisage a complex nucleoprotein structure being involved, as has been demonstrated in the regulation of the malEK operons by Raibaud and his colleagues (19) . Now that at least some of the factors involved in the regulation of this system have been identified, we can proceed to purify the proteins and study their interaction with each other and DNA at the biochemical level. 
